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Abstract
Introduction and hypothesis Multiphotonmicroscopy (MPM)
is a nonlinear, high-resolution laser scanning technique and a
powerful approach for analyzing the spatial architecture with-
in tissues. To demonstrate the potential of this technique for
studying the extracellular matrix of the pelvic organs, we
aimed to establish protocols for the detection of collagen and
elastin in the vagina and to compare the MPM density of these
fibers to fibers detected using standard histological methods.
Methods Samples of the anterior vaginal wall were obtained
from nine patients undergoing a hysterectomy or cystocele
repair. Samples were shock frozen, fixed with formaldehyde
or Thiel’s solution, or left untreated. Samples were imaged
with MPM to quantify the amount of collagen and elastin via
second harmonic generation and autofluorescence, respective-
ly. In six patients, sample sections were also histologically
stained and imaged with brightfield microscopy. The density
of the fibers was quantified using the StereoInvestigator and
Cavalieri software.
Results With MPM, collagen and elastin could be visualized
to a depth of 100 μm, and no overlap of signals was detected.
The different tissue processing protocols used did not result in
significantly different fiber counts after MPM. MPM-based
fiber quantifications are comparable to those based on
conventional histological stains. However, MPM provided
superior resolution, particularly of collagen fibers.
Conclusions MPM is a robust, rapid, and label-free method
that can be used to quantify the collagen and elastin content in
thick specimens of the vagina. It is an excellent tool for future
three-dimensional studies of the extracellular matrix in pa-
tients with pelvic organ prolapse.
Keywords Multiphotonmicroscopy . Collagen . Elastin .
Vagina . Pelvic organ prolapse
Introduction
The integrity of the vagina and its supportive connective
tissues is essential for maintaining the normal anatomic posi-
tion of the pelvic organs. The connective tissue underlying the
vagina contains relatively few cells, mainly fibroblasts, which
produce components of the extracellular matrix (ECM). The
ECM contains fibrillar components such as collagen and
elastin that are embedded in a non-fibrillar ground substance
consisting of non-collagenous glycoproteins, proteoglycans,
and hyaluronan [1]. Using molecular, biochemical, histologi-
cal, and immunohistochemical approaches, numerous studies
have provided strong evidence that ECM synthesis, repair,
and remodeling is impaired in women with pelvic organ
prolapse (POP) [2].
There is still no clear evidence of changes in the three-
dimensional (3-D) organization of pelvic floor connective
tissue fibers because none of the “classical” examination
techniques is suitable for visualizing the spatial distribution
of ECM constituents in thick specimens. However, as shown
in other clinical conditions including chronic obstructive pul-
monary disease, aortic aneurysms, or lupus erythematosus,
specific information about the architecture of the connective
tissue fibers and alterations in the connective tissue fibers
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could lead to a better understanding of disease pathoetiology
[3–5].
Multiphoton microscopy (MPM) is a nonlinear, high-
resolution laser scanning technique that allows 3-D investiga-
tions of thick biological samples. Thus, MPM has recently
emerged as a significant tool for both in vitro and in vivo
studies in, e.g., neuroscience, immunology, and cancer re-
search [6]. Multiphoton excitation allows for several powerful
imaging techniques; the two most commonly used procedures
are two-photon excitation fluorescence and second harmonic
generation (SHG) microscopy [6, 7]. These methods excite
the characteristic UV absorption bands of endogenous
fluorophores, including elastic fibers (by two-photon excita-
tion autofluorescence) and collagen fibers (by SHG), without
the need for labeling [8]. Compared to other microscopy
techniques, MPM substantially increases the maximum imag-
ing depth from a few tenths of a micrometer to nearly 1 mm in
certain tissue types, such as brain [9]. Further advantages—
especially compared to confocal microscopy—are reduced
scattering and absorption due to the longer excitation wave-
lengths and significantly reduced phototoxicity and
photobleaching in out-of-focus regions [8]. In addition,
MPM allows not only for qualitative but also for quantitative
analysis of collagen and elastin fibers [10, 11], as recently
shown for, e.g., the dermis, arteries, cartilage, or heart
[12–14].
These features and distinct advantages of MPM motivated
us to investigate the 3-D structure of the vaginal ECM by
MPM. However, before clinically relevant studies can be
completed, several basic parameters have to be established.
Thus, our present study had two objectives: (1) to establish a
suitable procedure for preparing vaginal tissue for MPM and
(2) to evaluate the potential of MPM in visualizing the 3-D
pattern of collagen and elastic fibers in the anterior vaginal
wall in comparison to conventional histological staining
methods.
Materials and methods
This project was performed at the Department of Gynecology
at the University Hospital Zurich in collaboration with the
Institute of Anatomy at the University of Zurich.
Patients
Between October 2010 and January 2012, full-thickness sam-
ples of the anterior vaginal wall were obtained using a stan-
dardized procedure. Samples were collected from the anterior
vaginal apex in four patients who underwent hysterectomy for
benign gynecological conditions without POP and from the
anterior vaginal wall, 7 cm cranially to the hymen, in five
patients who underwent cystocele repair (anterior
colporrhaphy) for cystocele stage II or higher according to
the Pelvic Organ Prolapse Quantification system (POP-Q,
samples were taken from an area as close as possible to the
vaginal apex) [15]. The indication for hospitalization and
surgery was given according to the gynecological diagnosis.
Exclusion criteria were patients under 18 years of age, preg-
nancy and lactation, current gynecological cancers, neoplasm
in the pelvic or anogenital area, abdominal neoplasm, florid
local infections including genital infection with the human
papilloma virus, or use of steroids or methotrexate (e.g., in
rheumatoid disease). Written informed consent was obtained
from each enrolled patient. Ethical approval was obtained
from the local Cantonal Ethics Committee (StV 11/2009).
This study is registered with ClinicalTrials.gov, number
NCT01042470.
Tissue preparation
Specimens were obtained and prepared in the operating room
immediately. For patients 1–3, specimens were cut using a
standardized method into four identical full-thickness pieces
that were treated with one of the following methods: (1)
fixation in 4 % formaldehyde (FA) for 12 h at 4 °C followed
by washing with phosphate-buffered saline (PBS) pH 7.2, (2)
fixation in Thiel’s solution [16] for 12 h at 4 °C followed by
washing with PBS, (3) shock freezing in liquid nitrogen,
storage for 12 h at −80 °C and defrosting just before section-
ing and (4) not treating the tissue, keeping it on blue ice, and
cutting it within 5 h. ForMPM, all samples were sectioned in a
standardized manner with the same tissue orientation into four
500-μm-thick slices (Tissue Chopper, Mickle Laboratory En-
gineering, Guildford, UK), embedded with glycerol gel melt-
ing medium containing 1,4-diazabicyclo[2.2.2]octane
(DABCO, Dako, Glostrup, Denmark), and covered with a
CoverWell imaging chamber (Invitrogen, Zug, Switzerland).
In patients 4–9, specimens were fixed with 4 % FA for 12 h
at 4 °C, washed in PBS, and divided into two full-thickness
pieces. Subsequently, one piece was sectioned for MPM as
described above taking care to standardize tissue orientation.
The second piece was frozen and cryocut in a standardized
manner with the same tissue orientation into 6-μm sections for
histological staining.
Multiphoton laser scanning microscopy
Three-dimensional stacks of 167×167×50 μm were acquired
using a multiphoton laser scanning microscope equipped with
a Ti:sapphire laser (Olympus Fluoview 1000 MPE,
Volketswil, Switzerland) at a wavelength of 950 nm and a
×25 water objective (Olympus, NA 1.05). Standardized im-
aging was performed within the lamina propria (submucosa),
i.e., between the readily recognizable epithelium and the
smooth muscle layer of the vaginal wall. Collagen fibers were
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detected by SHG (475 nm) and elastin fibers by autofluores-
cence (515–560 nm). For each patient, four 3-D stacks were
obtained (one from each tissue slice) per MPM treatment
protocol.
Brightfield microscopy
Four sections (100 mm distance on the z-axis) per patient 4–9
were stained histologically according to routine procedures
with either van Gieson (to visualize collagen fibers) or resor-
cin fuchsin (for elastin fibers) and subjected to brightfield
microscopy with an upright Leica LX microscope using a
×40 oil immersion objective (NA 1.25) attached to a CCD
camera (Leica DFC 350, Heerbrugg, Switzerland) [17] to
acquire a two-dimensional (2-D) 167×167 μm image.
Analysis
Three-dimensional data of multiphoton stacks were visualized
with the Imaris 7.2.1 software (Bitplane, Zurich, Switzerland)
and collagen and elastic fibers were quantified within three
planes in 10-μm intervals on the z-axis using the
StereoInvestigator software and the Area Fraction Fraction-
ator probe (MBF Bioscience, Williston, VT, USA). The
density of the collagen and elastin fibers was calculated using
previously described algorithms [18]. The density of the col-
lagen and elastin fibers in 2-D histological images was deter-
mined with the Cavalieri estimator software (MBF Biosci-
ence) within a 70×70 μm point grid according to previously
published methods [19]. Statistical analysis was completed
using the Intercooled Stata 12.0 software (StataCorp LP, Col-
lege Station, TX, USA) with the Wilcoxon signed rank test
and the Kruskal-Wallis test as appropriate. P values below
0.05 indicate statistical significance (two-sided).
Results
Table 1 shows the basic characteristics of the nine patients.
With MPM imaging, vaginal structures to a maximal depth
of 100 μm were visualized. In none of the tested pretreatment
protocols did 3-D images resolved with MPM imaging show
an overlap of anisotropic collagen and isotropic elastin signals
in the submicron range, which allowed simultaneous and
label-free detection of both fiber types in the vaginal wall
(Fig. 1). Three-dimensional images revealed an extensive
Table 1 Basic characteristics of patients including body mass index (BMI)
Patient number Age (years) BMI (kg/m2) Weight (kg) Height (m) Menopausal status Parity Cystocele (POP-Q)
1 68.5 22.8 57.0 1.58 Postmenopausal 2 None
2 46.9 24.6 68.5 1.67 Premenopausal 2 Cystocele II
3 51.8 20.0 50.0 1.58 Premenopausal 1 Cystocele II
4 68.4 21.3 52.4 1.57 Postmenopausal 2 None
5 40.3 30.0 74.9 1.58 Premenopausal 3 None
6 62.6 23.1 57.0 1.57 Postmenopausal 2 Cystocele II
7 68.6 26.5 74.0 1.67 Postmenopausal 0 Cystocele II
8 49.0 20.1 54.8 1.65 Premenopausal 2 Cystocele III
9 40.2 27.0 69.0 1.60 Premenopausal 0 None
Fig. 1 Three-dimensional multiphoton laser scanning microscopy of the lamina propria of the anterior vaginal wall (x-, y-, and z-axis). aCollagen fibers
(SHG, in green). b Elastic fibers (autofluorescence, in red). c Overlay. Scale bar represents 20 μm
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network of collagen and elastic fibers within the subepithelial
connective tissue layer of the lamina propria.
Table 2 shows the volumes of the collagen and elastin
fibers assessed from the 3-DMPM stacks of the samples from
patients 1–3 that had been subjected to fixationwith either 4%
FA, Thiel’s solution, shock freezing, or no treatment (native
tissue). Measurements were not significantly different be-
tween the four pretreatment protocols in any of the patients
(P>0.05).
The suitability ofMPM for studies of the vaginal ECMwas
further evaluated by comparison with standard histology tech-
niques and brightfield microscopy. As detailed in Table 3, a
statistically significant difference in the volumes of collagen
or elastin was not observed in any of the patients or between
the MPM-based and histology-based analyses (P>0.05).
However, compared to histological staining methods, MPM
images showed collagen fibers at a higher resolution (Fig. 2).
Discussion
We present here for the first time a methodological evaluation
of MPM for future, detailed 3-D analyses of collagen and
elastic fibers within the vaginal wall. Notably, it was not the
intention of our study to compare the collagen and elastin
contents of patients with POP versus controls. Women with
different medical conditions were included in our study for the
sole purpose of examining the applicability of the method to
different collectives.
Frequently, fresh tissue is used to study collagen and elastin
fibers by MPM [20–23], but this is not always practical in a
clinical setting. However, the suitability of formalin fixation
and freezing for MPM of the ECM has previously been
reported for various tissues, including lung, aorta, and skin
[3, 5, 24, 25]. To set the stage for our further investigations, we
initially confirmed these data for the vagina, showing for the
first time that tissue preservation by fixation or snap freezing
had no significant impact on quantitative MPM evaluations of
either collagen or elastin fibers in the lamina propria. The
observation that MPM allows for reliable fiber measurements
in untreated vaginal samples suggests that MPM can be used
to perform additional biomechanical studies of the ECM.
Once we concluded that all of the investigated tissue pretreat-
ments were suitable for MPM measurements of these two
fiber types in the vagina, we used formalin-fixed samples for
subsequent studies because of two reasons: (1) generally,
tissue preservation by fixation eliminates the problem of im-
aging within a short time frame and (2) more specifically,
formalin is always available in the operating room.
While our fixation protocols were well applicable for MPM
analyses of collagen and elastin, other procedures may inter-
fere with MPM. This applies, e.g., to glutaraldehyde fixation,
commonly used for histological staining and electron micros-
copy, which leads to an enhancement of autofluorescence and
axial shrinkage of collagen [26, 27].
Under the chosenMPM conditions (excitation 950 nm), we
observed no overlap between the SHG (emission at 475 nm)
and two-photon autofluorescence (emission at 515–560 nm)
images, which indicates the specificity of the signals obtained
[8]. Similar MPM modalities, i.e., 940 nm excitation, have
been applied successfully to detect collagen and elastin in
ex vivo breast tissues [28]. In several other tissues, e.g., skin,
arteries, or brain, other wavelength ranges have been used for
specific SHG imaging of collagen (excitation 780–860 nm,
emission 390–430 nm) and two-photon autofluorescence of
elastin (excitation 760–850 nm, emission 435–697 nm) [4, 20,
22, 24, 29].
We were also interested in comparing our MPM measure-
ments to those generated with conventional microscopy tech-
niques. Most previous microscopic investigations of connec-
tive tissue of POP samples used either histological staining or
immunohistochemistry to detect and quantify collagen and/or
elastin [2, 30]. Immunohistochemical methods are advanta-
geous because they can distinguish between different collagen
Table 2 Comparison of collagen and elastin density in MPM images in samples taken from patients 1–3
Patient 1 Patient 2 Patient 3
Collagen Elastin Collagen Elastin Collagen Elastin
4 % FA 67.4 (51.4–69.5) 11.8 (9.7–16.7) 54.9 (54.9–82.0) 16.7 (11.8–22.2) 43.7 (28.8–51.5) 21.0 (13.2–22.2)
Thiel’s 59.1 (45.2–80.6) 13.2 (11.1–13.2) 51.4 (44.5–61.8) 12.5 (12.5–10.4) 61.1 (50–78.5) 20.2 (18.1–32.0)
Shock frozen 58.4 (57.0–79.2 16.7 (9.7–18.8) 57 (51.4–70.9) 11.8 (11.8–24.3) 50 (50–55.6) 20.8(15.3–24.3)
Untreated 50.7 (38.9–55.6) 5.6 (3.5–13.9) 60.5 (59.8–79.2) 24.3 (16–29.9) 65.3 (54.9–85.5) 20.2 (20.2–20.8)
P value 0.28 0.46 0.48 0.28 0.53 0.68
The following four tissue processing methods were compared: fixation with 4 % FA, fixation with Thiel’s solution (Thiel’s), shock freezing, and no
treatment (untreated). For each patient and processing method, four MPM image stacks were analyzed using the StereoInvestigator software. Data are
expressed as the median (minimum–maximum) of the total tissue volume visualized. P values are given for the comparison between all of the
pretreatments for each fiber type per patient (Kruskal-Wallis equality of populations rank test)
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subtypes. However, because no single antibody cross-reacts
with all collagen types present in the ECM of the vagina [2,
31, 32], this method is not an optimal reference for MPM,
which only detects total collagen. We therefore decided to
focus on a comparison with standard histology stains. Our
data showed that vaginal collagen and elastin quantifications
based on MPM are comparable to those obtained with con-
ventional histology (P>0.05). This is in accordance with
previous nonquantitative studies that also reported a correla-
tion between MPM and histology stains for collagen and
elastic fibers in different tissues [11, 24, 33–35]. However, it
is important to stress that a higher resolution was obtained
with MPM, especially of collagen fibers, in the vagina than
with histology stains.
While MPM analyses of ECM fibers also have some lim-
itations (including the expensive equipment, problems related
to highly scattering tissues, or the inability to distinguish
between different collagen types), we anticipate that future
studies dealing with the vaginal ECM will strongly benefit
fromMPM. In contrast to other microscopy methods, it offers
a unique possibility of precisely examining the global colla-
gen and elastin content in an unprecedentedly large (3-D)
sample volume without the need for labeling procedures. This
will lead to new insight into the details of the architectural
arrangement of collagen and elastin networks in pelvic struc-
tures, allowing, e.g., for the assessment of the lengths, orien-
tations, or thickness of the fibers. Current studies are now
devoted to systematic MPM investigations of the changes in










































































































































































































































































































































































































































































































































































































































































































































































Fig. 2 Comparison of the two visualization methods. MPM of collagen
(a and c, SHG) and elastic fibers (e, autofluorescence). Brightfield
microscopy images of collagen (b and d, van Gieson stain) and elastic
fibers (f, resorcin fuchsin stain). Scale bars in a, b, e, and f represent
30 μm and in c and d represent 5 μm
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